The 220 MHz spectrum of the cyclic nona- g/100 g solvent. Tetramethylsilane was used as internal reference. Most spectra were recorded at 60 A: 20C, since this temperature gave the best definition and separation of the NH and a-CH regions. In order to study the temperature dependence of the spectrum, we varied the temperature of the sample from 21 to 770C. Proton spin-decoupling was by frequency-sweep on the HA-100 instrument, using a MuirheadWigan D-890-B decade oscillator, and by field-sweep on the HR-220, using a General Radio Co. 1107-A interpolation oscillator. Exchange of amide protons with D20 was followed as a function of time in (CDs)2S0 solution. D20 was added in a 10:1 molar ratio of D to NH. [2H]Trifluoroacetic acid (CF; C02D) was added (20o w/v) to a freshly prepared solution of 1199 the cyclic peptide and the exchange rate was also observed under these, presumably, more drastic conditions. As a comparison, a 5% (w/v) solution of N-acetyl--alanyl-ialanine methyl ester was also studied with respect to temperature dependence and exchange rate of its peptide protons.
The current interest in the conformation of cyclic polypeptides in solution (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) as deduced from high resolution nuclear magnetic resonance spectroscopy (NMR), has led us to investigate a cyclononapeptide Phe-Phe-Leu-Ile-Ile-LeuVal-Pro-Pro, designated cyclolinopeptide A, the synthesis and optical properties of which are described in accompanying papers (15, 16) . We report the results from a study of 100-and 220-MHz proton magnetic resonance (PMR) spectra.
MATERIALS AND METHODS
The compound under study was synthesized by Prof. F. Weygand and coworkers (14) . No further purification was attempted, since no impurity appeared in the spectra. Nacetyl-i-alanyl-i-alanine methyl ester was obtained from the Cyclo Chemical Corp., Los Angeles, Calif.
Spectra were recorded on Varian Associates HA-100 and HR-200 instruments. The samples were dissolved in Uvasol d6-dimethylsulfoxide [(CDS)2S0] to a concentration of [5] [6] [7] g/100 g solvent. Tetramethylsilane was used as internal reference. Most spectra were recorded at 60 A: 20C, since this temperature gave the best definition and separation of the NH and a-CH regions. In order to study the temperature dependence of the spectrum, we varied the temperature of the sample from 21 to 770C. Proton spin-decoupling was by frequency-sweep on the HA-100 instrument, using a MuirheadWigan D-890-B decade oscillator, and by field-sweep on the HR-220, using a General Radio Co. 1107-A interpolation oscillator. Exchange of amide protons with D20 was followed as a function of time in (CDs)2S0 solution. D20 was added in a 10:1 molar ratio of D to NH. [2H]Trifluoroacetic acid (CF; C02D) was added (20o w/v) to a freshly prepared solution of 1199 the cyclic peptide and the exchange rate was also observed under these, presumably, more drastic conditions. As a comparison, a 5% (w/v) solution of N-acetyl--alanyl-ialanine methyl ester was also studied with respect to temperature dependence and exchange rate of its peptide protons.
RESULTS AND DISCUSSION
As described previously (14, 15) , cyclolinopeptide A is composed of nine amino acid residues in the sequence shown in Fig. 1 . A space-filling model of the molecule leaves no doubt that a high degree of steric hindrance is present in this structure. There is no symmetry to the ring, which results in a distinctive spectrum for each residue. The 220-MHz spectrum in (CD3)2S0 solution is shown in Fig. 2 The two proline residues were immediately assigned by elimination, since only the doublets* at 5.95r and 6.08T showed no coupling with amide protons. Coupling of these a-CH resonances with peaks at 8.17 and 8.3r, respectively, in the region where the ,B-CH2 resonances of proline residues are expected to appear, further supports the proline assignments. Deuterium exchange reduced three a-CH triplets to doublets at 5.13T, 5.507, and 6.237 (Fig. 3 ). (The doublet at 6.23T is partially overlapped by the neighboring a-CH resonance of proline, which moves upfield upon addition of D20.) Only in valine and isoleucine residues is the a-proton coupled to a single g-proton, giving a doublet upon replacment of the NH proton by deuterium.* Decoupling from higher-field resonances at 7.95T and 8.02T confirmed that these are valine and isoleucine a-CH protons. It is not possible by this means to distinguish valine clearly from the two isoleucines, nor to distinguish the isoleucines from each other. However, Tonelli finds by energy calculations (16) The unsymmetrical triplet at 6.387 is assigned to the 5-CH2 of one of the proline residues. Coupling to the proline y-CH2 resonance at 8.17 could be demonstrated. The possibility that the 6.287 resonance could be that of a phenylalanine 13-CH2 is eliminated by this observation, since the latter could not be coupled to protons at higher field.
The peptide NH Spin-coupling relations allow the assignment of the peptide NH resonances, although not without some ambiguities. It should be noted that two NH peaks are coincident at 2.03r, and that one (2.75r) is nearly masked by the major aromatic peak. The presence of the latter was demonstrated by reducing the temperature, causing it to shift somewhat downfield.
The peaks at 1.80r and 2.747 are attributed to isoleucine-NH protons. Using the results of Tonelli's study (16) , we assign one of the peaks at 2.03r to the valine-NH proton, it being differentiated from the isoleucine resonances by its smaller coupling constant. Leucine-NH protons give peaks at 2.187 and 2.357, while the NH protons of the phenylalanine residues give the other peak at 2.03T and the peak at 2.45r. These data do not allow specific assignments to the Phe-3 and Phe-4, or to Ile-6 and Ile-7. The spacings and assignments of the NH doublets are given in Table 1 . It is important to note that the specific assignments shown there can be made only with the aid of conformational-energy considerations (16) .
With one exception, all the NH resonances moved to higher field with increasing temperature (Fig. 4) . The peak at 2.457 (at 60°C), attributed to Phe-3 or Phe4, showed unusual be- havior, moving downfield with increasing temperature. Up (12, 13) . Six of the seven NH groups in this compound are thus very probably not intramolecularly hydrogen-bonded. We attribute the negative slope of the chemical shift-temperature plot of the anomalous phenylalanine-NH peak to a conformational adjustment that favors increased shielding for this proton.t The conformational energy study of Tonelli (16) is consistent with the absence of hydrogen bonds in all conformers of this molecule that can reasonably be expected to be in equilibrium.
Upon addition of D20, in a D/NH ratio of 10, all NH protons showed rather similar and relatively high rates of exchange. One of the leucine-NH peaks (at 2.35r) and the phenylalanine-NH at 2.45r (the anomalous one) exchanged somewhat more slowly than the others. The half-exchange time of these (at 550C) was about 210 min, while that of the others was about 130 i 10 min. Stern et al. (1) and Ovchinnikov et al. (10) showed that the NH protons participating in hydrogen bonding in gramicidin S exchanged markedly more slowly than those that did not, the difference being at least a hundred-fold. Kopple et al. (6) (7) (8) found no difference in exchange rate in their study of cyclic hexapeptides, despite the existence of intramolecular hydrogen bonds as judged from chemical shift-temperature plots. We believe that at the temperature of our exchange study, the slower exchange of these two NH protons suggests that they are less accessible to the solvent. Tonelli (16) predicts a conformation in which these protons are indeed protected, being situated in the interior of the ring.
Somewhat different results were observed for the exchange with CF3COOD. The peaks were reduced to half their original area after 2 hr, with no apparent difference in their individual rates. However, since the effect of adding CF3COOD to the solution was evident in a slight change in the a-CH region of the spectrum (the adjacent phenylalanine and leucine resonances moved together at 5.95r, while the proline resonance at 6.08r moved slightly upfield toward the isoleucine resonance at 6.23T), no doubt some conformational changes take place under these conditions. N-Acetyl-L-alanyl-L-alanyl methyl ester was investigated by Bystrov et al. (17) , who concluded that a 7-membered ring is formed by a nonlinear hydrogen-bond between the carbonyl of the acetyl group and the NH proton nearest the methyl ester. We measured the exchange rate of this peptide at the same NH-proton concentration and other conditions as in the cyclononapeptide studies. The nonhydrogen-bonded proton was half-exchanged in 10 min, while the presumably hydrogen-bonded one had a half-life of 2 hr. Since all the nonapeptide amide-protons gave half-lives of 2-3.5 hr, it is apparent that the bulky side chains shield them from the solvent.
The two NH protons of N-acetyl-ialanyl-i-alanyl methyl ester showed the same temperature dependence. Both moved upfield with increasing temperature and both moved to a greater degree than those in the cyclononapeptide. We infer that the hydrogen bond in the model compound is disrupted as the temperature is raised.
CONCLUSIONS: CONFORMATION
As more fully described in the accompanying paper (16) , the couplings of the a-CH to the NH protons, designated JNa, provide a measure of the rotation angle (p (19) about the NHCaHcx bond if the dependence of the coupling upon this angle is known or can be assumed. A Karplus-like function (17, 18) seems the most reasonable, and has been used in this work, as well as by Stern et al. (1) , to draw conclusions concerning the main-chain conformation. The principal result of the present work is the measurement of six of the seven JNa's and assignment to specific sets of amino acid residues. The angles (X) about the peptide bonds, CO-NH, are assumed to be 00, corresponding to a trans conformation (18) . This is almost certainly correct for all of the residues except the prolines. The prolines, although capable of assuming a cis conformation, prefer the trans conformation in most solvents. There is no known direct experimental measure of the rotation angle 4t about the CH-CO bond, which remains a disposable parameter in the conformational calculations. The assignments of JNa to specific residues, or pairs of residues, reduces the overwhelming number of conformational possibilities to a manageable number. Consideration of this smaller number, in turn, strongly suggests certain more specific assignments for the NH and a-CH resonances, as indicated in earlier discussion, in order to arrive at a self-consistent structure. Secondary assistance in narrowing down the choice of calculated conformations is supplied by measurements of the exchange rates of the NH protons and the temperature dependence of their chemical shift.
Fragmentary information concerning side-chain conformation is contained in the few values of Jag that can be extracted from the NMR spectra. At present, this point is not parsued either in terms of NMR interpretation or approximate energy calculations.
